Abstract: 5083 aluminum alloy is increasingly used because of its excellent corrosion resistance, high work-hardening rate, and strength. In order to improve its weldability and feasibility, material behavior, material flow, and defects induced while friction stir welding 5083 should be studied. In this study, they were investigated by thermo-structural analysis. The flow stress of 5083-O has a high rate of sensitivity among high temperatures and wide strain rate ranges. Therefore, the details of the mechanical properties of 5083-O at high temperatures and wide strain rate ranges were investigated to obtain reasonable analysis results using a precise flow stress model. The tool/workpiece interface temperature during FSW is critical for accurate analysis results. This study used special equipment to measure tool temperature in order to investigate the interface temperatures precisely, and then the obtained data were used for optimization and verification of the thermal boundary conditions for analysis modeling. Using the developed model, the material behavior and material flow during FSW of 5083-O were analyzed. The tool and workpiece interface temperatures, flow stresses, strain rates, and velocities were investigated with the cylinder and threaded probes in detail. One of the analysis results indicated that the material flow rate on the rear side of a probe directly affected defect generation while joining.
Introduction
Friction stir welding (FSW) is a solid-state joining process with many advantages, such as sound mechanical and metallurgical properties and a narrow heat-affected zone compared with conventional fusion welding [1] [2] [3] . This technology enables dissimilar materials joining, and is widely applied to aerospace products, railway vehicles, and shipbuilding [4] . During FSW, a non-consumable rotating tool traverses the joint portion to weld materials under solid conditions. The heat generated by the friction at the contact surface between the rotating tool and workpiece and the plastic deformation of the workpiece causes thermal softening of the workpiece, thus significantly affecting the material flow. For this reason, process parameters and tool geometries of FSW have a direct influence on mechanical properties of the joints. Forcellese et al. studied the relationship between the process temperature during FSW is critical for accurate analysis results, because it is the highest in a FSW system and its slight changes cause drastic changes on workpiece mechanical properties. For this reason, this study used special equipment to measure tool temperature in order to investigate the interface temperatures precisely, and then the obtained data were used for optimization and verification of the thermal boundary conditions for analysis modeling. Using this developed model, not only temperatures, stresses, and strain rates of the deforming work material, but also a defect induced in the workpiece were analyzed by the finite element method (FEM). Finally, the material flow during FSW specific to 5083-O was discussed from the analysis results.
Experiment Procedures
Workpieces are friction stir welded under high temperatures close to the solidus temperature and high strain rates. Therefore, a flow stress model that is able to represent these severe conditions is necessary to obtain reasonable simulation results for FSW processes. A flow stress model of 5083-O, which has accurate temperature dependence from room temperature (RT) to high temperatures and strain rate dependence, was studied by experiment. First, quasi-static compression tests were conducted under RT to 500 • C to investigate the temperature dependence of 5083-O. Next, high-speed compression tests under the same temperature range were implemented to understand its strain rate sensitivity. In the experiments, the specimen was a cylinder with a diameter of 10 mm and height of 10 mm. When employing an isotropic model for the workpiece, its flow stress is able to be obtained by uniaxial tensile tests or compression tests. This study considered the material under high temperatures with large strains, therefore, the compression tests were implemented. In addition, to generate higher strain rates for the material during the compression tests, the height of the cylindrical test piece, which is usually double its radius, was set relatively smaller, equal to the radius in this study, namely 10 mm in height. The stroke speeds were set to 1 and 500 mm/min for low and high speed tests, respectively.
In addition to a flow stress model, thermal properties of 5083-O are necessary to analyze FSW processes by FEM. Therefore, the thermal diffusivities and specific heats, which are dependent on temperatures, were measured by the laser flash method and adiabatic method at five different temperatures from 25 to 500 • C. Then, the thermal conductivities were calculated from these measured values.
Then, FSW experiments of 5083-O aluminum alloy were conducted to measure tool temperatures, welding forces and welding torque while butt welding the aluminum sheets. The obtained results served as the fundamental data to investigate temperatures around tool/workpiece interfaces during the process. Then, they were used to validate finite element (FE) modeling and thermal boundary conditions, which accurately represents the welding phenomena around the tool/workpiece interface, such as temperature, flow stress and material flow while joining.
The FSW experiments were conducted on a 2D-FSW machine (Hitachi Power Solution, Hitachi-city, Japan). Welding forces were measured with load cells equipped under the machine table, and welding torque was measured with the spindle motor power. The geometry of each workpiece was 200 mm long, 70 mm wide, and 4 mm thick, and the sides of two workpieces were butt welded. The joining surfaces were machined previously to meet each other without gaps. A tool had a shoulder 12 mm in diameter and 3 • in taper angle, and a probe 4 mm in diameter and 3.8 mm in length. Two types of probes, with a smooth surface and threaded surface, were prepared for the experiments.
With respect to welding temperature, tool temperatures are under nearly stable conditions during the FSW process after the initial tool plunge and tool dwell. Although much research has investigated the important aspect of welding phenomena based on temperatures measured at specific points of a workpiece, only a few experimental studies have been reported about tool temperatures because very complicated settings are required for temperature measurement of a rotating tool [23] [24] [25] [26] . Accurate experimental data about tool surface temperature is necessary to understand exact temperatures at the tool/workpiece interface. They are also needed to precisely validate developed simulation models by comparing measured and calculated temperatures. Therefore, a method and device for effectively measuring tool temperatures are essential to investigate FSW processes from theoretical and practical viewpoints.
The tool temperatures were measured with the MULTI INTELLIGENCE tooling system for FSW. Figure 1 shows the temperature measurement tool, cylinder probe, and threaded probe. Figure 2 is a cross-sectional view for the thermocouple positions imbedded in the tool. The thermocouples were arranged to measure the temperatures of the probe-tip and shoulder part, respectively. The thermocouples were imbedded at positions around 1 mm from the tool surface to measure temperatures as close to the tool/workpiece interface temperatures as possible. Table 1 shows process parameters for the experiment. The rotational speed was set to 900 min −1 and the traverse speed 4 mm/s. In addition, the tool plunge speed was set to 0.5 mm/s and the plunge depth to 3.95 mm, and then the tool dwell time was 5 s before traversing.
Under these conditions, tool temperatures, welding forces and welding torque were measured during the FSW process. As a reference, the workpiece bottom surface temperatures on the center line of the joint were also measured using thermocouples imbedded on a backing plate. After joining, microscopic observation was carried out to investigate the cross-section of joint portions. 
Analysis Procedures

Model Description
Flow stress modeling of 5083-O was conducted with the compression test results. For the flow stress modeling with strain hardening, temperature dependence, and strain rate sensitivity, Equation (1) was employed [27] :
where σ is the flow stress, . ε is the strain rate, m is the strain rate sensitivity, and B is a function of strain ε and temperature T, f (ε, T). Function B, which represents the strain hardening and temperature dependence, was determined from the quasi-static compression test results directly. Figure 3 shows the quasi-static compression test results at six different temperatures. The results show the large thermal softening of 5083-O. Figure 4 shows the relationship between the strain rate and proof stress obtained from the compression tests performed under two different stroke speeds of 1 and 500 mm/min and five different temperatures. From these results, the strain rate sensitivity m was determined for each temperature: m = 0.003 for room temperature, 0.003 for 150 • C, 0.065 for 300 • C, 0.214 for 400 • C, and 0.199 for 500 • C. Figure 5 shows the flow stress model obtained from the abovementioned modeling, indicating flow stresses for six different temperatures and two strain rates as an example. The flow stress for 550 • C and 0.002 s −1 was assumed for modeling to 1 MPa because it is close to the melting point of 5083-O. Note that the flow stress for T = 400 • C at a higher strain rate . ε = 1 s −1 is higher than that for T = 300 • C at a lower strain rate . ε = 0.001 s −1 , and also the flow stress for 500 • C at the higher strain rate is higher than that for T = 400 • C at the lower strain rate. This developed model was used as a constitutive model for FE analyses. To briefly summarize the experimentally-obtained flow stress model, the strain rate sensitivity of 5083-O is very high under high temperatures. Especially over 400 • C, the flow stresses remain high when the strain rate increases. This is one of the mechanical characteristics of this alloy, and is one of the reasons for the difficulty of its joining by FSW.
As temperature-dependent thermal properties, the thermal diffusivities, specific heats and thermal conductivities for 5083-O were obtained, which are shown in Table 2 and were used in the analyses. Here, the density of 2688 kg/m 3 was employed for all temperatures. 
Analysis Conditions
Numerical studies are essential for the investigation of multi-physics problems like FSW. For example, experimental studies for temperature and plastic flow around the tool/workpiece interface are difficult and time-consuming. Therefore, using the flow stress model developed in Section 3.1, FE analysis was conducted to clarify the thermal and mechanical phenomena around the tool/workpiece interface during the FSW for 5083-O. Especially, temperature, flow stress, and material flow were investigated. Two types of analyses using two different tool geometries with or without threads at the probe surfaces were conducted like the experiments. Process parameters were set to be the same as those shown in Table 1 .
The commercial package DEFORM-3D was used for the Lagrangian analysis of FSW processes. The workpiece was set to a continuum model of 70 × 70 × 4 mm. Each workpiece was meshed into about 50,000 tetrahedral elements when using the cylinder tool model and about 80,000 elements when using the threaded tool model. Each tool was meshed into about 21,000 tetrahedral elements. The element sizes around the tool/workpiece interfaces were set to be about 0.1-0.3 mm in length, finer than those in the surroundings. The tools used in the analyses had almost the same geometries as those used in experiments except the probe height and thread height. The probe height was 0.2 mm smaller in the FE simulation than in the experiments. Thus, mesh breaking at the model's bottom while re-meshing was avoided by an increase in the clearance between the tool tip and workpiece bottom. As for the threaded tool, the thread height of the model was set to half of the actual height, i.e., 0.2 mm, giving priority to analysis stability during FSW simulations. The tool consisted of about 15,000 elements, and tool/workpiece interface elements were set to be finer than the workpiece modeling. The workpiece model had a rigid plastic body and the tool model, a rigid body.
As for the boundary conditions of the workpiece, the bottom surface was in contact with the backing plate without friction and the side surfaces are fixed in all directions. This study followed the theory of plasticity and Equation (2) was employed for the modeling:
where k is the shear flow stress and σ is the flow stress. Then, the friction between the tool and workpiece was followed by the shear friction model:
where τ is the friction stress and m f is the friction factor. The friction factor m f = 1.0 was employed [28, 29] . Thermal boundary conditions were followed by Equation (4):
where q is the heat flux, h is the heat transfer coefficient, T w is surface temperature of the workpiece or tool and T f is the ambient temperature of 20 • C. The heat transfer coefficients used for FE analyses were optimized in advance using experimental results of tool temperatures measured as a reference. It was set to 10 kW/m 2 /K at the workpiece bottom surface, 0.01 kW/m 2 /K at the workpiece top surface, and 1.5 kW/m 2 /K at the tool surface. Moreover, heat transfer from the tool surface to the workpiece surface at their contact area was formulated using the tool surface temperature T T and workpiece surface temperature T W as q = h(T T − T W ), and its coefficient was set to 11 kW/m 2 /K [30] . Under the above conditions, thermo-mechanical coupled analyses were conducted. The plunge, dwell, and traverse phases of the FSW process were simulated until the tool traversed a distance of 8 mm, at which temperatures and welding forces became close to a steady state. Table 3 shows the experimental results of the temperatures, welding forces, and welding torque. They were measured values at a traverse length of 8 mm in the traverse phase. The tool temperature at the probe-tip was 60 • C lower for the threaded probe than for the cylinder probe, while the shoulder temperatures were almost the same. The workpiece temperature was 21 • C higher with the threaded probe than with the cylinder probe. On the other hand, the welding forces and torque were slightly smaller for the threaded probe than for the cylinder probe. Figure 6 shows the micrographs of the workpiece cross-section perpendicular to the welding direction and at the center of the welding line. A defect was found in the advancing side (AS) of the specimen welded with the cylinder probe. On the other hand, no defect was found in the specimen welded using the threaded probe. Note that the affected zone was narrow and its minimum width was close to the probe diameter. 
Experimental Results
Analysis Results and Discussion
Validation
Experiment and analysis results were compared for validation of the FE modeling. Figure 7 shows the comparison of the temperatures measured and calculated at a traverse length of 8 mm for the cylinder probe and threaded probe. The tool probe temperatures, tool shoulder temperatures, and workpiece bottom temperatures were compared.
The calculated temperatures of the probe and shoulder were consistent with the measured ones in FSW with the cylinder probe. The work-bottom temperature of the experiment was 17% lower than the experiment. For this reason, it is considered that the thermocouple used in the experiment was embedded within the backing plate and the work-bottom surface temperature could not be measured directly, then the measured temperature became lower than the FEM. This result indicated the validity of the 5083-O flow stress modeling and the analysis modeling, including thermal boundary conditions. As for the threaded probe, the calculated and measured temperatures showed a certain difference only at the probe tip. This may be because the probe thread height in the analysis was set smaller than that in the experiment. On the other hand, the shoulder temperatures of the experiment and analysis were almost identical, and the difference of the work-bottom temperatures was 12%. The details of material behavior and material flow around the tool/workpiece interface are investigated below. 
Material Behavior during FSW Processes
FSW processes were investigated based on the distributions of temperature, flow stress, strain rate and velocity calculated at a traverse length of 8 mm. The temperature distributions during FSW with the cylinder probe and threaded probe are shown in Figures 8 and 9 , respectively. Both figures represent the temperature of the half model on the retreating side (RS) to highlight temperatures on the longitudinal cross-section of the welds. The results indicated that the tool/workpiece interface temperature increased to a range between about 450 and 540 • C and, thus, became close to 570 • C, the solidus line of 5083-O at some portions. Figures 10 and 11 show the distributions of the effective stress, or von Mises stress, during FSW with the cylinder probe and threaded probe, respectively. The cross-section of these figures was positioned 1.5 mm from the welding line toward the advancing side. When using the cylinder probe, a tunnel defect was induced on the advancing side (AS) by analysis and appeared on the cross-section. Remember that a tunnel defect was induced at the similar position in the experiment with the cylinder probe as shown in Figure 6 . On the other hand, the analysis result of FSW with the threaded probe was defect-free just like the experimental result in Figure 6 . Nevertheless, there is not a large difference between the stress distributions between Figures 10 and 11 . That is, the growth of a defect had a small influence on the stress distribution. The effective stresses at the tool/workpiece interface were over 100 MPa, despite workpiece temperatures at the interface exceeding 450 • C. For example, point A at the tool front in Figure 11 had an effective stress of 171 MPa under a temperature of 476 • C and an effective strain rate of 102 s −1 . This indicated that the high strain rate sensitivity of 5083-O at high temperatures caused high flow stresses at the tool/workpiece interface despite high temperatures, while high flow stress may prevent an extensive material flow. Figures 12 and 13 show the strain rates during FSW with the cylinder and threaded probes, respectively, highlighting the difference of their lower strain rate regions around AS at the tool back. The areas of high-strain rates from 35 to 250 s −1 were shown in red monotonously in the figures. In Figure 13 for the threaded probe, almost all the tool/workpiece interfaces, except the tool tip area, had high strain rates over 35 s −1 , indicating that a steady and intensive material flow occurred in the interface zone of the workpiece. In detail, the maximum strain rate was between 80 to 150 s −1 for the probe side boundary and about 200 to 250 s −1 for the shoulder contact boundary. On the other hand, the strain rates at the cylinder-probe/workpiece interface were less than 35 s −1 in a rather large area, and the intensive material flow necessary to FSW process was prevented. Especially, the low strain rate near the defect indicated weak material flow there. Therefore, the material transfer from the retreating side to the advancing side on the rear side of the cylinder probe was insufficient, resulting in the nucleation and growth of the defect. Figure 14 shows the top views of velocity fields during FSW with the cylinder and threaded probes, respectively. Each figure indicates velocity values of the workpiece and tool pin on the cross-section 2 mm above the workpiece bottom surface, and highlights the area of velocity faster than 3 mm/s. Apparently, the absolute value of the material velocity was not symmetrical with respect to the welding line. The radial thickness of the area of velocity over 3 mm/s was about 0.5 mm on the rear side of the threaded probe, showing sufficient material flow. In contrast, it was about 0.2 to 0.3 mm on the rear side of the cylinder probe. This means that changing the threaded probe for the cylinder would reduce the material transfer from the retreating side to the advancing side by about half, leading to defect generation. 
Plastic Flow of Workpiece
Figures 15 and 16 show material flow velocities at the tool/workpiece interfaces with the velocity vectors over 10 mm/s highlighted in red. The velocity around the cylinder probe as a whole was slower than that around the threaded probe and was not so complicated except for an area of slow velocity surrounding the defect. On the other hand, the velocity around the threaded probe was large anywhere and indicated that the threaded probe caused a downward flow on the rear side and advancing side, while it caused a horizontal flow on the front side and retreating sides. These flow patterns were consistent with an experimental observation reported elsewhere [31] . Rao et al. investigated the microhardness of 5083 on the AS and RS [32] . The results of this study indicated that the difference in material flow between the AS and RS lead to the asymmetric material property of joined material. The analysis results indicated that the material flow on the rear side of a probe directly affects the generation of defects while joining. When sufficient material is provided from the RS to AS on the rear side of a probe, defects would not be generated. Therefore, a detailed analysis of material flow, especially on the rear side of a probe, is necessary for a better understanding of the mechanisms of joining and related defect generation. Figure 17 shows the workpiece velocities along the back side of two kinds of probes. The vertical line of the figure indicates the distance from the workpiece surface along the tool/workpiece interface. In addition to the resultant velocity, the horizontal and vertical velocity components are indicated in the figure. The workpiece velocity on the cylinder probe causing a defect was smaller than that on the threaded probe. Figure 18 shows a comparison between these three velocities. The minimum resultant velocity on the threaded probe was 2.6 times higher than that on the cylinder probe. The minimum horizontal velocity component and the maximum vertical velocity components on the threaded probe were 2.8 and 1.3 times higher than those on the cylinder probe, respectively. When the cylinder probe was used, the material flow was caused only by the frictional force at the workpiece/tool interface. On the other hand, when the threaded probe was used, the rotational motion of the thread caused additional forces to promote both the peripheral and downward flow of the workpiece. The analysis results demonstrated that the distribution and magnitude of material flow change drastically by applying the threaded probe. Figure 16 . Velocity of the workpiece on the threaded probe. The view position and direction are the same as in Figure 15 (1 is seen from the direction of the arrow 1, 2 is from the arrow 2, 3 is from the arrow 3, 4 is form the arrow 4). At the rear side of tool, the threaded probe caused material flow from the upper to the lower portion, then the frictional heat generated around the shoulder interface moved downward to induce a high temperatures at the lower portion. This caused the thermal softening of the workpiece leading to the prevention of defects generated at the tool-rear lower portion as well. 
Conclusions
The material behavior and material flow during FSW of 5083-O were analyzed. For a precise analysis model, first, the flow stress of 5083-O among high temperatures and high strain rates was investigated in detail. Next, a tool temperature measuring device was used to measure the tool/workpiece interface temperatures exactly. Then, the thermal boundary conditions, which are critical for FSW analysis, were optimized and validated. The following was obtained through this study, using the developed analysis model:
•
The workpiece temperatures at the tool/workpiece interface during FSW of 5083-O sheets were between 450 and 540 • C, and temperatures at some parts were close to the solidus line of 570 • C. Even under high-temperature conditions, the flow stresses near the interface remained high values over 100 MPa because of high strain rate hardening of this alloy.
The FSW analysis with the smooth cylinder probe caused a tunneling defect. On the other hand, the analysis with the threaded probe did not generate any defect. These analysis results were consistent with the experiment results.
The analysis results indicated that the material flow rate on the rear side of a probe directly affected defect generation while joining. When sufficient material transfer was provided from the RS to AS through the rear side of a probe, defects were not generated. Moreover, downward material flow was generated at the tool back with the threaded probe, which was attributed to sufficient material supply to the lower portion on AS where a tunnel defect would occur.
The minimum velocity of the workpiece calculated on the threaded probe was 2.6 times higher than that on the cylinder probe. It was indicated that the distribution and magnitude of material flow changed drastically by applying the threaded probe.
